INTRODUCTION
============

Oxidative stress is considered to play a prominent role in the etiology of many conditions such as inflammation, aging, and cancer ([@b1-pnfs-21-208]). Because reactive oxygen species (ROS) formation is a naturally occurring process, mammalian cells have developed several protective mechanisms to prevent excessive ROS formation or to detoxify ROS. These mechanisms employ antioxidant molecules and protective enzymes. Phase II detoxifying genes provide a major mechanism through which cells combat the toxicities of ROS, and the induction of these genes is both highly effective and sufficient for protecting cells against oxidative stress and the toxic and neoplastic effects of many toxicants and carcinogens ([@b2-pnfs-21-208]). Antioxidant enzymes like heme oxygenase-1 (HO-1) provide protection against the deleterious effects of ROS, and HO-1 in particular has been shown to have hepatoprotective roles ([@b3-pnfs-21-208]). There is a large body of evidence suggesting that HO-1 plays a key role in maintaining antioxidant homeostasis during cellular stress ([@b4-pnfs-21-208]). Therefore, induction of HO-1 is an important cellular mechanism in the battle against oxidative injury both *in vitro* and *in vivo* ([@b5-pnfs-21-208]). In addition, glutathione (GSH) is the most abundant non-protein thiol in mammalian cells and has many critical functions, including defense against oxidative stress as a scavenger of ROS and electrophiles. GSH receives electrons and is converted to oxidative GSH, thereby preventing free radicals from releasing electrons. Thus, GSH plays a role in maintaining cellular redox homeostasis, scavenging lipid peroxides, and detoxifying reactive intermediates of xenobiotics ([@b6-pnfs-21-208]). The synthesis of GSH in cells can be disrupted during aging and under pathologic conditions such as diabetes mellitus, drug-resistant tumor growth, and endotoxemia ([@b7-pnfs-21-208],[@b8-pnfs-21-208]).

Citrus fruits have commercial importance due to their nutritional value and flavor. Currently, there is a great biomedical interest in citrus fruits because their consumption appears to be associated with reduced risks of colorectal, esophageal, gastric, and stomach cancers, as well as stroke ([@b9-pnfs-21-208]). Citrus species contain many important phytochemicals, such as flavonoids, amino acids, triterpenes, phenolic acids, and carotenoids ([@b10-pnfs-21-208]). Recently, it has been reported that orange juice concentrate has a greater amount of flavonoids, including polymethoxylated flavones, hesperidin, rutin, and narirutin, in comparison to fresh juice ([@b11-pnfs-21-208]).

Sweet orange belongs to the family Rutacae and is botanically known as *Citrus sinnensis* L.. Sweet orange contains some important phytochemicals including liminoids, flavonoids, polyphenols, and others ([@b12-pnfs-21-208]), which prevent arteriosclerosis, oxidative stress, cancer, kidney stones, stomach ulcers, inflammation, liver disease, and chronic and degenerative diseases, as well as reducing cholesterol and high blood glucose levels, thereby promoting human health ([@b9-pnfs-21-208],[@b12-pnfs-21-208]). Unshiu mikan (*Citrus unshiu* Marcov), which also belongs to the family of Rutacae, is a seedless and easy-peeling Korean citrus fruit that accounts for 30% of the total fruits produced in Korea. Unshiu mikan has been widely used as a folk medicine in Korea, China, and Japan to improve bronchial and asthmatic conditions or blood circulation, and it has also been used as a skin-moisturizing agent ([@b13-pnfs-21-208],[@b14-pnfs-21-208]). Unshiu mikan also contains many phytochemicals, such as auraptene, β-cryptoxanthin, limonine, flavonoids, and others ([@b15-pnfs-21-208]), which exhibit antimutagenic ([@b16-pnfs-21-208]), anti-inflammatory ([@b17-pnfs-21-208]), anti-allergic ([@b18-pnfs-21-208]), antioxidant ([@b19-pnfs-21-208]), antitumor ([@b20-pnfs-21-208]), and anti-atherosclerosis activities ([@b21-pnfs-21-208]).

In addition, the mini tomato (*Solanum lycopersicum* L.) is one of the most popular and widely consumed vegetable crops worldwide and is also beneficial to human health because of its high contents of antioxidant and phytochemical compounds, including lycopene, β-carotene, flavonoids, hydroxycinnamic acid derivatives, and others ([@b22-pnfs-21-208]). The mini tomato has achieved tremendous popularity, especially in recent years with the discovery of lycopene's anti-oxidative activities and anti-cancer functions ([@b23-pnfs-21-208]). In the present study, we investigated the protective effects of fruit juice powders and their bioactive compounds against *tert*-butyl hydroperoxide (*t*-BHP)-induced oxidative hepatotoxicity and sought to determine how fruit juice powders protect HepG2 cells from *t*-BHP-induced damage.

MATERIALS AND METHODS
=====================

Chemicals
---------

Dimethyl sulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), *t*-BHP, 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA), 6-hydroxy- 2,5,7,8-tetramethylchroman-2-carboxyl acid (Trolox), bovine serum albumin, quercetin, silymarin, rutin, narirutin, and hesperidin were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Antibodies against HO-1 and β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Minimum essential medium (MEM), penicillin-streptomycin, 0.25% trypsin-ethylenediaminetetraacetic acid (EDTA), fetal bovine serum (FBS), sodium pyruvate, and nonessential amino acids were purchased from Gibco-BRL Life Technologies (Grand Island, NY, USA). The GSH assay kit was purchased from Cayman Chemical (Ann Arbor, MI, USA). All chemicals and solvents used were of analytical grade.

Preparation of samples
----------------------

Fresh sweet orange (*Citrus sinensis* L.), unshiu mikan (*Citrus unshiu* Marcow), and mini tomato (*Solanum lycopersicum* L.) were purchased from a commercial market in the months of March and April 2014 in Busan, Korea. First, the peel and seeds were removed from the fruits, and then the pulp portion was collected. Pulp sections were blended in an automated blender machine (HE-DBF04, Hurom, Gimhae, Korea), and the juice extract was collected and filtered to remove the debris. Filtered fruit juices were concentrated in an evaporator at a temperature of 60°C. A freeze-drying lyophilization machine (−52°C) was used to remove the water from the juice extracts. The dehydrated juice powders were then collected for further experiments. In the preparation of boiled mini tomato, the filtered tomato juice was transferred into a large pot and heated at a temperature of 70°C for 10\~15 min with constant stirring. The boiled juice powders were then evaporated and lyophilized as described above, and the dehydrated juice powders were collected for further experiments.

HPLC quantitative analysis
--------------------------

Reverse-phase high-performance liquid chromatography (HPLC) was performed on a JASCO HPLC system (JASCO Corporation, Tokyo, Japan), consisting of a PU-1580 intelligent HPLC pump, an LG-1580-04 quaternary gradient unit, a UV-1575 intelligent UV/VIS detector, a PG-1580-54 4-line degasser, and a CO-1560 intelligent column thermostat. The BORWIN chromatographic system (JMBS Developments, Le Fontanil, France) was used for HPLC data analysis. Chromatographic separation was accomplished on a Phenomenex C18 reverse-phase column (4.6×250 cm, 5 μm, Phenomenex Inc., Torrance, CA, USA) at 30°C and was monitored at 280 nm. The linear gradient solvent system consisted of 0.5% acetic acid in water (solvent A) and 100% CH~3~CN (solvent B), and was adjusted from 75% (solvent A):25% (solvent B) to 0% (solvent A):100% (solvent B) over 60 min at a flow rate of 0.5 mL/min.

Cell culture
------------

The HepG2 (human hepatocarcinoma) cell line was purchased from American Type Culture Collection (HB-8065, Manassas, VA, USA). Cells were maintained in MEM containing 2.0 mM L-glutamine, 0.1 mM non-essential amino acids, 1.0 mM sodium pyruvate, and 10% FBS at 37°C in a humidified atmosphere with 5% CO~2~. Medium was changed every 48 h. Samples were dissolved in DMSO before being added to cells, and the final concentration of DMSO did not exceed 0.1%.

Cell viability and cytoprotective assay in HepG2 cells
------------------------------------------------------

Cell viability was assessed using the MTT staining assay, as previously described ([@b24-pnfs-21-208]). In brief, HepG2 cells were seeded into a 96-well plate at a density of 2.0×10^4^ cells per well and incubated at 37°C for 24 h. The cells were then fed fresh serum-free MEM containing various concentrations of juice powders at concentrations up to 200 μg/mL, along with the flavonoids hesperidin, narirutin, and rutin at concentrations ranging from 2.5 to 100 μM, and incubation was continued for another 24 h. Control cells were treated with vehicle (\<0.1% DMSO) at a concentration equal to that used in sample-treated cells. For the cytoprotective assay, after 24 h of incubation with tested samples, the medium was replaced with medium containing *t*-BHP (200 μM). Cells were then incubated for 2 h before the addition of 100 μL of MTT solution (0.5 mg/mL in phosphate-buffered saline, PBS). To measure the proportion of surviving cells, the medium was replaced with 100 μL of DMSO. Control cells were treated with 0.1% DMSO, at which concentration no cytotoxicity was determined by the assay. Absorbance was measured at 570 nm with a microplate reader (Molecular Devices, Sunnyvale, CA, USA). Triplicate experiments were run for each set and averaged.

Measurement of the level of intracellular reactive oxygen species
-----------------------------------------------------------------

The level of intracellular ROS was quantified using the oxidant-sensitive fluorescence probe DCFH-DA ([@b25-pnfs-21-208]). The level of ROS was evaluated according to the procedure previously reported ([@b26-pnfs-21-208]). The fluorescence intensities were measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm using a fluorescence microplate reader (FL×800; Bio-Tek Instruments Inc., Winooski, UT, USA).

Measurement of GSH
------------------

Measurement of total intracellular glutathione (tGSH) was performed according to the procedure previously reported ([@b26-pnfs-21-208]). In brief, measurement of tGSH \[including the reduced and oxidized forms, GSH and glutathione disulfide (GSSG), respectively; i.e., tGSH=GSH+GSSG\] was performed by the Tietze's enzymatic recycling method using GSH reductase according to the instructions in the GSH assay kit (Cayman Chemical). In brief, the HepG2 cells were incubated in 6-well culture dishes and were treated with various juice powders at concentrations between 50 and 200 μg/mL, while the flavonoids hesperidin, narirutin, and rutin were used at concentrations ranging from 2.5 to 100 μM in MEM for 24 h. Subsequently, the cells were washed twice with cold PBS (pH 7.4), harvested using a rubber policeman, and homogenized by a freeze-thaw method with PBS in order to extract tGSH. Lysates were then cleared by centrifugation, and an aliquot of the resulting supernatant was reserved for the protein assay. For deproteinization, an equal amount of 5% w/v metaphosphoric acid was added to the residual supernatant. After centrifugation (10,000 *g* for 15 min at 4°C), the resultant supernatant (400 μL) was neutralized with 20 μL of 50% v/v triethanolamine to measure the tGSH levels in the sample. The tGSH concentration was then determined by the kinetic method according to the procedure described in the assay kit; concentrations are expressed as μmol/mg protein.

Western blotting analysis and HO-1 activity
-------------------------------------------

Cells were treated with juice powders and flavonoids for 24 h. After treatment, cells were collected and washed with cold PBS. The harvested cells were then lysed in the ice-cold lysis buffer and kept on ice for 30 min. After centrifugation at 13,000 *g* for 15 min at 4°C, the supernatants were collected, and the protein contents were determined using the Bradford method with bovine serum albumin as the standard. Aliquots of the lysates (40 μg of protein) were boiled for 5 min, and electrophoresis was performed on a 10% sodium dodecyl sulfate-polyacrylamide gel. Proteins in the gels were transferred onto polyvinylidene difluoride membranes, which were then incubated with rabbit polyclonal HO-1 or mouse monoclonal β-actin antibodies (1:1,000 dilutions) at 4°C overnight and then with horseradish peroxidase-conjugated secondary antibody (1:2,000 dilutions) (Cell Signaling, Beverly, MA, USA) for 1 h. Finally, protein bands were detected using an enhanced chemiluminescence Western blotting detection kit (Pierce Biotechnology, Rockford, IL, USA). Bands were visualized using a LAS3000® Luminescent image analyzer (Fujifilm, Tokyo, Japan) and quantified by densitometry analysis using PDQuest software (Version 7.0, Bio-Rad Laboratories, Hercules, CA, USA).

Statistical analysis
--------------------

Data are expressed as the mean±standard deviation (SD) of at least 3 separate experiments unless otherwise indicated. Data were analyzed using one-way ANOVA, followed by Student's *t*-tests for multiple comparisons. In all statistical analyses performed, *P-*values were two-tailed, and *P*\<0.05 was considered statistically significant.

RESULTS
=======

Quantitative analysis of major flavonoids from juice powders
------------------------------------------------------------

Simultaneous HPLC quantitative analysis was conducted to determine the relative presence of hesperidin, narirutin, and rutin in unshiu mikan, sweet orange, and tomato ([Fig. 1](#f1-pnfs-21-208){ref-type="fig"}). The retention times for the standard compounds of hesperidin, narirutin, and rutin were 11.15, 10.06, and 17.50 min, respectively. The unshiu mikan juice powder exhibited major peaks for hesperidin and narirutin with retention times of 11.32 and 10.13 min, respectively, while sweet orange exhibited major peaks for hesperidin and narirutin with retention times of 11.31 and 10.31 min. The major peak for boiled tomato was for rutin at a retention time of 17.57 min ([Fig. 1](#f1-pnfs-21-208){ref-type="fig"}). The quantitative amounts of flavonoids in unshiu mikan were 6.16 and 9.23 mg/g (hesperidin and narirutin, respectively), while those of sweet orange were 6.94 mg/g (hesperidin) and 0.372 mg/g (narirutin). In boiled tomato, the amount of the flavonoid rutin was found to be 5.77 mg/g.

Cytotoxicities of juice powders and their major flavonoids
----------------------------------------------------------

Before determining whether the juice powders of unshiu mikan, sweet orange, and boiled tomato and the flavonoids hesperidin, narirutin, and rutin possessed any hepatoprotective activity, the cytotoxicities of these juice powders and flavonoids on HepG2 cells were first measured by the MTT assay. HepG2 cells were pretreated with the unshiu mikan, sweet orange, and boiled tomato juice powders at concentrations up to 200 μg/mL, as well as with the flavonoids hesperidin, narirutin, and rutin in a concentration range of 0\~100 μM, followed by incubation for 24 h. Unshiu mikan, sweet orange, and boiled tomato juice powders did not exhibit any cytotoxicity up to 200 μg/mL, as shown in [Fig. 2A\~C](#f2-pnfs-21-208){ref-type="fig"}. However, raw tomato exhibited cytotoxicity at concentrations above 50 μg/mL, as shown in [Fig. 2D](#f2-pnfs-21-208){ref-type="fig"}. The flavonoids hesperidin, at concentrations up to 100 μM, and rutin, at a concentration of 20 μM, did not cause any cytotoxic effects, as shown in [Fig. 2E\~F](#f2-pnfs-21-208){ref-type="fig"}. Furthermore, narirutin also did not cause any cytotoxic effects at concentrations up to 10 μM, as shown in [Fig. 2G](#f2-pnfs-21-208){ref-type="fig"}. Therefore, these concentrations were used in subsequent hepatoprotective assays with unshiu mikan, sweet orange, and boiled tomato juice powders.

Cytoprotective effects of juice powders and their key flavonoids on *t*-BHP-induced hepatotoxicity in HepG2 cells
-----------------------------------------------------------------------------------------------------------------

To evaluate the hepatoprotective effect on *t*-BHP-treated HepG2 cells, cells were pretreated with powders from oranges and boiled tomato at various concentrations (50, 100, and 200 μg/mL) as well as with flavonoids within the concentration range of 2.5\~100 μM for 24 h before being treated with *t*-BHP (200 μM). Thereafter, cells were incubated for 2 h. Exposure to *t*-BHP (200 μM) significantly decreased the viability of cells to about 49%, while pretreatment of HepG2 cells with oranges and boiled tomato at concentrations of 50, 100, and 200 μg/mL significantly increased the cell viability and protected cells against *t*-BHP-induced cytotoxicity in a dose-dependent manner, as shown in [Fig. 3A\~C](#f3-pnfs-21-208){ref-type="fig"}. Additionally, when HepG2 cells were treated with *t*-BHP only (200 μM), the viability levels of the cells were reduced sharply by up to 51%, whereas pretreatment of HepG2 cells with hesperidin, narirutin, and rutin at concentrations up to 100 μM significantly increased the cell viability and demonstrated marked dose-dependent cytoprotective effects against *t*-BHP-induced cytotoxicity, as shown in [Fig. 3D\~F](#f3-pnfs-21-208){ref-type="fig"}. To protect against *t*-BHP-induced cell damage, cells were treated with unshiu mikan at concentrations of 200, 100, and 50 μg/mL, and the cell viabilities were 71±0.1%, 66±0.5%, and 62±0.04%, respectively. Treatment with sweet orange yielded cell viabilities of 69±0.04%, 65± 0.51%, and 61±1.0% at concentrations of 200, 100, and 50 μg/mL, respectively, and boiled tomato treatment resulted in viabilities of 62±0.2%, 58±0.7%, and 55±0.04 %, respectively, when used at 200, 100, and 50 μg/mL. Moreover, cell viabilities achieved upon treatment with hesperidin at concentrations of 100, 50, and 25 μM were found to be 94±1.0%, 88±2.0%, and 84±1.0%, respectively. Additionally, there was no significant difference in cell viabilities achieved with treatment of hesperidin at concentrations of 25 and 50 μM. In the case of rutin, the relative cell viabilities achieved with concentrations of 5, 10, and 20 μM were 75±2.0%, 83±1.1%, and 90±1%, respectively. Pretreatment with narirutin also increased the viability of HepG2 cells at concentrations of 2.5, 5, and 10 μM, the rates of viability were found to be 78± 1.0%, 87±2.0%, and 93±3.1%, respectively. The positive control silymarin increased cell viabilities by 85±0.5% when used at a concentration of 12.5 μg/mL. Thus, it is clear that pretreatment of HepG2 cells with unshiu mikan, sweet orange, boiled tomato, and bioactive flavonoids markedly protected cells against *t*-BHP-induced cytotoxicity.

Effects of juice powders and their key flavonoids on the levels of intracellular ROS in *t*-BHP-induced HepG2 cells
-------------------------------------------------------------------------------------------------------------------

To determine if the observed cytoprotective effects of unshiu mikan, sweet orange, and boiled tomato can be attributed to a reduction in oxidative stress, we next determined the effects of these juice powders and their flavonoids on ROS generation in HepG2 cells exposed to *t*-BHP (200 μM). Exposure to *t*-BHP (200 μM) modified the redox status of the cells, resulting in generation of ROS, which was estimated using the ROS-sensitive fluorescence indicator DCFH-DA. ROS generation increased significantly when the cells were treated with *t*-BHP (200 μM) to levels of about 100%, indicating that *t*-BHP had a strong effect on ROS generation in HepG2 cells. Pretreatment of HepG2 cells with unshiu mikan, sweet orange, and boiled tomato in a concentration range of 0\~200 μg/mL and pretreatment with hesperidin, rutin, and narirutin in a concentration range of 0\~100 μM, significantly inhibited ROS generation and protected cells against ROS-induced oxidative stress in a concentration-dependent manner compared to *t*-BHP-induced HepG2 cells, as shown in [Fig. 4](#f4-pnfs-21-208){ref-type="fig"}. The relative ROS levels achieved with treatment of unshiu mikan at the concentrations of 50, 100, and 200 μg/mL were found to be 84%, 76%, and 61%, respectively. Sweet orange at concentrations of 50, 100, and 200 μg/mL inhibited the ROS level to 88%, 78%, and 69%, respectively. Pretreatment with boiled tomato powder significantly inhibited ROS level to 69%, 58%, and 46% when used at concentrations of 50, 100, and 200 μg/mL, respectively. In addition, the relative ROS level achieved with treatment of hesperidin at concentrations of 25, 50, and 100 μM was found to be 74%, 66%, and 57%, respectively. Rutin at the concentrations of 5, 10, and 20 μM decreased ROS level to 72%, 61%, and 52%, respectively. Pretreatment with narirutin significantly inhibited ROS level at the concentrations of 2.5, 5, and 10 μM to the levels of 67%, 59%, and 46%, respectively. The positive control Trolox at a concentration of 10 μM inhibited ROS production to about 54%. These results clearly demonstrate that the orange and tomato juice powders, as well as their major flavonoids, act as scavengers of ROS induced by *t*-BHP in HepG2 cells.

Effects of juice powders and their key flavonoids on intracellular GSH level in *t*-BHP-treated HepG2 cells
-----------------------------------------------------------------------------------------------------------

To further examine the antioxidant enzymes of cultured HepG2 cells exposed to *t*-BHP (200 μM), the activity level of GSH was determined. Exposure of *t*-BHP (200 μM) to HepG2 cells greatly decreased the GSH level. Nevertheless, the reduced level of intracellular GSH was significantly rescued and increased when cells were treated with increasing concentrations of unshiu mikan, sweet orange, and boiled tomato juice powders in a dose-dependent manner, as shown in [Fig. 5A\~C](#f5-pnfs-21-208){ref-type="fig"}. Unshiu mikan, sweet orange, and boiled tomato treatments markedly increased the depleted GSH level in *t*-BHP-treated (200 μM) HepG2 cells. Moreover, unshiu mikan and boiled tomato at concentrations of 100 μg/mL and 200 μg/mL restored the GSH level near to that of the untreated control group. In addition, the reduced level of intracellular GSH was also significantly rescued and increased by increasing concentrations of hesperidin, rutin, and narirutin in a dose-dependent manner, as shown in [Fig. 5D\~F](#f5-pnfs-21-208){ref-type="fig"}. All of the flavonoids markedly increased the GSH level depleted by *t*-BHP treatment (200 μM) in HepG2 cells. Particularly, narirutin at concentrations of 5 μM and 10 μM restored the GSH level near to that of the untreated control group. Pretreatment with 25 μg/mL of the positive control silymarin significantly increased the GSH levels. These findings clearly illustrate that juice powders from oranges and tomato, as well as their major flavonoids hesperidin, rutin, and narirutin, positively regulated the GSH content in *t*-BHP-treated HepG2 cells and provide an antioxidant defense system against oxidative stress.

Effects of juice powders and their key flavonoids on HO-1 expression
--------------------------------------------------------------------

HO-1, an enzyme essential for heme degradation, has been shown to exert anti-oxidative effects under various conditions ([@b5-pnfs-21-208]). We first determined the effects of various nontoxic concentrations of orange and tomato juice powders on HO-1 induction. Cells treated with these juice powders for 24 h showed a concentration-dependent increase in HO-1 protein expression ([Fig. 6A\~C](#f6-pnfs-21-208){ref-type="fig"}). This increased expression level suggests that juice powders enhance the expression of HO-1. In addition, we also determined the effects of various nontoxic concentrations of flavonoids on HO-1 induction. Cells were treated with hesperidin, rutin, and narirutin for 24 h and showed a concentration-dependent increase in HO-1 protein expression ([Fig. 6D\~F](#f6-pnfs-21-208){ref-type="fig"}). This increase suggests that flavonoids also enhance the expression of HO-1. Overall, our data provide evidence to support the view that expression of HO-1, a key phase II detoxifying enzyme, is involved in the mechanism responsible for the hepatoprotective effects of juice powders from oranges and tomatoes as well as their flavonoids, hesperidin, rutin, and narirutin.

DISCUSSION
==========

Clinical trials and epidemiological studies have established an inverse correlation between fruit and vegetable dietary intake and the occurrence of inflammatory diseases, cardiovascular diseases, cancer, and aging-related disorders ([@b27-pnfs-21-208],[@b28-pnfs-21-208]). Dietary antioxidants, including vitamin C, polyphenols, and carotenoids, are believed to be effective nutrients in the prevention of these oxidative stress-related diseases ([@b29-pnfs-21-208]). Although fruits and vegetables are primary sources for these "nutrient" antioxidants, other dietary components may also be important protective agents. Citrus fruits have commercial importance due to their nutritional value and special flavor. Citrus fruit juice is rich in vitamin C and other bioactive compounds including flavonoids and phenolic acids, which are all potentially health-promoting ([@b10-pnfs-21-208]). Among citrus fruit juices, orange juice is the most popular fruit juice worldwide. Consumers perceive orange juice as being a healthy and natural source of vitamins and other health-promoting nutrients, resulting in increasing worldwide demand and production ([@b30-pnfs-21-208]). Additionally, the convenient packaging and long shelf life of juices are advantageous compared to fresh fruits ([@b30-pnfs-21-208]). Recent intervention studies have demonstrated the health benefits of long-term orange juice consumption, such as an increased total antioxidant status, lower total cholesterol levels, and the prevention of endotoxin increases after meals high in fat and carbohydrate ([@b31-pnfs-21-208]--[@b33-pnfs-21-208]). It has previously been reported that concentrated orange juice has greater flavonoid content, including the polymethoxylated flavones hesperidin, narirutin, and naringin, in comparison to fresh juice ([@b11-pnfs-21-208]).

Several epidemiological studies have indicated a beneficial effect of tomato consumption in the prevention of some major chronic diseases, such as some types of cancer and cardiovascular disease ([@b34-pnfs-21-208]). In the present study, we investigated the hepatoprotective activity of mini tomato, one of the most important types of fresh fruit consumed in South Korea. Previously, Crozier et al. ([@b35-pnfs-21-208]) found higher concentrations of flavonoids in mini tomatoes compared to normal-sized tomatoes. Stewart et al. ([@b36-pnfs-21-208]) also suggested that the greater skin/volume ratio of mini tomatoes enhanced their flavonoid content because these compounds are present within the skin of the fruit. The cytotoxicity of raw tomato juice powder on HepG2 cells can be explained on the basis of previous reports. Raiola et al. ([@b37-pnfs-21-208]) has reported that 3 varieties of tomato juice powder showed significant anticancer activities in different types of cancer cells. It has also been reported that raw tomato juice extracts exhibit a significant cytotoxicity activity in HepG2 cells ([@b38-pnfs-21-208]). Thus, we proceeded with boiled mini tomatoes for our experiments. Previously, many researchers have reported that boiled tomato is more effective than raw tomato for human health ([@b39-pnfs-21-208]--[@b41-pnfs-21-208]). Chang et al. ([@b41-pnfs-21-208]) have also reported that freeze-drying or hot-air-drying tomatoes increases the antioxidative properties due to the enhanced availability of ascorbic acid, total phenolics, total flavonoids, and lycopene content compared to raw tomato. In this study, we noted that the boiled mini tomato had increased total phenolics and total flavonoid content compared to raw mini tomato.

Hepatic injury induced by *t*-BHP has been well characterized and is commonly used as a model for screening the hepatoprotective activities of drugs ([@b42-pnfs-21-208]). Numerous studies have noted that *t*-BHP, an organic hydroperoxide, induces an array of cellular dysfunctions, including generation of peroxyl radicals, peroxidation of membrane lipids, deletion of GSH and protein thiol, and DNA damage, eventually leading to cell death ([@b43-pnfs-21-208]). In addition, *t*-BHP has been implicated in oxidative stress that results from intracellular production of ROS ([@b44-pnfs-21-208]). Furthermore, in hepatocyte cultures and in livers, *t*-BHP can be metabolized to free radical intermediates by cytochrome P-450, and these intermediates can initiate lipid peroxidation and oxidative stress ([@b45-pnfs-21-208]). The antioxidant and free radical scavenging activities of many substances have been assessed, and many substances that possess anti-hepatotoxic activity also show strong antioxidant activity ([@b46-pnfs-21-208]). In this study, an intracellular system was employed to test the cytotoxic effects of juice powders from oranges and tomatoes, as well as their key flavonoids. In the case of cell viability following oxidative damage by *t*-BHP, unshiu mikan, sweet orange, and boiled tomato showed significant protective activities in HepG2 cells. However, in the case of raw tomato, cell viability was not increased to a significant level; thus, raw tomato was not found to exhibit any cytoprotective effects at the indicated concentrations. However, unshiu mikan, sweet orange, and boiled tomato prevented *t*-BHP-induced cell death, evidenced by the MTT test indicating that they have cytoprotective activities. Moreover, hesperidin, rutin, and narirutin, which are major flavonoids present in juice powders of unshiu mikan, sweet orange, and boiled tomato, displayed cell protection against *t*-BHP-induced oxidative stress. These protective effects of hesperidin, rutin, and narirutin may be, in part, responsible for the cytoprotection of the juice powders.

Oxidative stress can be defined as an imbalance between the oxidant and antioxidant systems. Under normal circumstances, the levels of ROS are low enough to be removed by the natural defense systems of the cell. However, when ROS is induced by oxidants to such an extent that cellular defenses are overwhelmed, the cells are exposed to oxidative stress, consequently leading to cell injury ([@b47-pnfs-21-208]). Thus, phytochemical or antioxidant therapy is therefore regarded as a promising strategy to prevent cells from oxidative damage ([@b48-pnfs-21-208]). In addition, apoptosis of the cells can be induced by ROS, leading to pathological cell death. According to the results, treatment with 200 μM *t*-BHP induced ROS generation. As expected, pretreatment with unshiu mikan, sweet orange, and boiled tomato juice powders or with hesperidin, rutin, and narirutin decreased *t*-BHP-mediated ROS generation. These results suggest that the protective effects of orange and tomato juice powders and hesperidin, rutin, and narirutin on the cytotoxicity of HepG2 cells may be, in part, attributed to the scavenging of ROS, consequently preventing *t*-BHP-induced oxidative damage in HepG2 cells. Chen et al. ([@b49-pnfs-21-208]) have previously reported that sweet orange peel extract and bioactive flavonoid hesperidin decreased ROS generation, findings that are similar to our current results.

GSH, which is widely distributed in animal tissues, plants, and microorganisms, is well known to function both as a reductant and as a nucleophile due to its sidechain sulfhydryl residue in the cysteine of GSH ([@b50-pnfs-21-208]). Numerous studies have shown that GSH expression level is increased by some extracts and naturally occurring phenolic and flavonoid compounds ([@b49-pnfs-21-208],[@b51-pnfs-21-208]). In an attempt to further explain the observed cytoprotective effect of juice powders from oranges and tomatoes, we determined the GSH level in *t*-BHP-induced HepG2 cells co-incubated with unshiu mikan, sweet orange, and boiled tomato juice powders and their key flavonoids, hesperidin, rutin, and narirutin. According to the data obtained, 200 μM *t*-BHP was significantly cytotoxic to HepG2 cells, accompanied by ROS generation and a marked depletion in GSH level. Indeed, severe depletion of GSH level makes cells more vulnerable to oxidative damage and is normally associated with calcium homeostasis disruption, which ultimately causes cell death. However, treatment with juice powders and their flavonoids, hesperidin, rutin, and narirutin, prevented the decrease in GSH level induced by *t*-BHP. Among the juice powders, unshiu mikan, sweet orange, and boiled tomato markedly increased the depleted GSH level in *t*-BHP-treated HepG2 cells due to the high phenolic and flavonoid contents contained in the powders. Moreover, the flavonoid narirutin in particular manifestly increased the depleted GSH level in *t*-BHP-treated HepG2 cells. Chen et al. ([@b49-pnfs-21-208]) have previously reported that hesperidin markedly reversed the depletion of GSH level in *t*-BHP-treated HepG2 cells, which is similar to our results. The protection provided against GSH depletion was probably the most relevant effect of the orange and tomato juice powders, making them effective cellular reducing agents and thereby leading to the detoxification of xenobiotics.

The induction of the phase II enzyme system is an important event in the cellular stress response, during which a diverse array of electrophilic and oxidative toxicants can be eliminated or inactivated before they damage critical cellular macromolecules ([@b2-pnfs-21-208]). Antioxidant agents can either scavenge ROS or stimulate the detoxification mechanism within cells, resulting in removal of ROS. HO-1 is a key enzyme of the antioxidant defense system. Increased HO-1 activity leads to enhanced protection against free radicals produced by intrinsic or extrinsic stimuli. HO-1 is the inducible form of HO that catalyzes the conversion of heme into biliverdin, carbon monoxide, and free iron as a rate-limiting enzyme ([@b52-pnfs-21-208]). Previous studies have demonstrated the potent antioxidant and cytoprotective activities of heme-derived metabolites produced by HO-1 ([@b53-pnfs-21-208]). Therefore, enhanced activity of HO-1 may protect HepG2 cells against possible oxidative damage. The cytoprotective properties of antioxidants have been partially attributed to their ability to induce cytoprotective enzymes. Among the various cytoprotective enzymes, HO-1 expression has been considered as an adaptive and beneficial response to oxidative stress in a wide variety of cells ([@b54-pnfs-21-208]). The diverse nature of the stimuli that can induce HO-1 suggests that the molecular mechanisms that regulate HO-1 are complex. Our results showed that unshiu mikan, sweet orange, and boiled tomato juice powders and the flavonoids hesperidin, rutin, and narirutin increased HO-1 protein expression level in HepG2 cells ([Fig. 6](#f6-pnfs-21-208){ref-type="fig"}). The increase in HO-1 expression by unshiu mikan, sweet orange, and boiled tomato juice powders and by the flavonoids investigated conferred cytoprotection against *t*-BHP-induced oxidative stress. These results suggest that anti-oxidant gene expression induced by orange and tomato juice powders and the flavonoids hesperidin, rutin, and narirutin serves as an important mechanism for the cytoprotective effects of these juice powders. There are many reports showing that HO-1 is induced by various phytochemicals, but the present result is the first demonstration that juice powders of oranges and boiled tomatoes, as well as flavonoids hesperidin, rutin, and narirutin, are potent inducers of HO-1 expression in HepG2 cells.

Many studies have shown that naturally occurring compounds, such as polyphenolic compounds, exert remarkable biological activity. The peel and pulp of citrus fruits and tomatoes contain phenolic and flavonoid compounds. Although it was previously reported that orange peel and cherry tomato contain significant levels of polyphenolic compounds ([@b49-pnfs-21-208],[@b55-pnfs-21-208]), this study is the first to measure the total phenolic and flavonoid contents of oranges and tomato juice powders. The levels of polyphenolic compounds in unshiu mikan, sweet orange, and boiled tomato were 7.74, 5.48, and 9.66 mg/g, respectively, whereas the flavonoid contents were 1.83, 1.0, and 0.90 mg/g. We suggest that the levels of polyphenolic compounds in orange and tomato juice powders may contribute to their cytoprotective effects on *t*-BHP-treated HepG2 cells. In addition, the HPLC analyses of orange juice powders identified hesperidin and narirutin as the major compounds contained in the fruits, while rutin was identified as the main compound in tomatoes. Hesperidin and narirutin are flavanone *O*-glycosides, whereas rutin is a flavone *O*-glycoside. Flavanones and flavones have been reported to possess a wide range of biological and pharmacological activities. For instance, hesperidin, a flavanone glycoside, has been reported to have hepatoprotective, antioxidant, anticarcinogenic, antihypotensive, antimicrobial, anti-inflammatory, diuretic, analgesic, and hypolipidemic activities, as well as to improve vascular integrity and decrease capillary permeability ([@b49-pnfs-21-208],[@b56-pnfs-21-208],[@b57-pnfs-21-208]). Narirutin, a flavanone, also has a wide range of therapeutic properties, including anti-adipogenic ([@b58-pnfs-21-208]), anti-inflammatory, anti-allergic ([@b59-pnfs-21-208]), antioxidant, and hepatoprotective activities ([@b60-pnfs-21-208]). Rutin, a flavone, has been reported to possess a wide range of biological activities such as antibacterial ([@b61-pnfs-21-208]), anti-oxidant ([@b62-pnfs-21-208]), and antiproliferative activities ([@b63-pnfs-21-208]). In the present study, hesperidin, narirutin, and rutin significantly inhibited oxidative stress in HepG2 cells induced by *t*-BHP. These activities may be, in part, responsible for the ameliorating effects of orange and tomato juice powders on the oxidative damage in HepG2 cells induced by *t*-BHP. In addition, other than hesperidin, narirutin, and rutin, orange and tomato contain other bioactive compounds such as polymethoxyflavones, phenolic acid, limonoids, flavonoids, and fiber ([@b15-pnfs-21-208],[@b22-pnfs-21-208],[@b49-pnfs-21-208]). In the present study, HPLC analysis indicated the presence of other compounds in the juice powders of orange and tomato, suggesting that other uncharacterized bioactive compounds are present in these juice powders. Therefore, the flavonoids together with additional unidentified compounds may exhibit synergistic effects, leading to the protective effect of orange and tomato juice powders against oxidative stress in *t*-BHP-induced HepG2 cells.

CONCLUSION
==========

In the present study, our results indicate that the juice powders of orange, unshiu mikan, and boiled tomato, which showed no significant toxicity when used at concentrations up to 200 μg/mL, could serve as candidates with strong hepatoprotective effects against *t*-BHP-induced hepatoma cell damage. A possible mechanism for this protection is the significant scavenging of ROS in *t*-BHP-induced HepG2 cells. The decrease in ROS content appeared in parallel with up-regulation of GSH level and antioxidant enzyme activity. Moreover, the direct scavenging of ROS by juice powders may increase the expression level of HO-1. The protective effects of juice powders and their major flavonoids in 200 μM *t*-BHP-induced HepG2 cells significantly inhibited the cytotoxic effects and also may be associated with positive regulation of GSH levels and decrease in ROS production, thereby preventing cellular damage and the resultant increase in HO-1 activity. Therefore, these fruit juice powders could be advantageous as sources of bioactive compounds for the prevention of oxidative injury in hepatoma cells.
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![HPLC chromatograms of standard (A), unshiu mikan (B), sweet orange (C), and boiled tomato (D). 1, hesperidin; 2, narirutin; 3, rutin (E).](pnfs-21-208f1){#f1-pnfs-21-208}

![Effects of unshiu mikan (A), sweet orange (B), boiled tomato (C), raw tomato (D), hesperidin (E), rutin (F), and narirutin (G) on cell viability in HepG2 cells. Cells were pretreated with the indicated concentrations of 50\~200 μg/mL of juice powders from oranges and boiled tomatoes and with hesperidin, rutin, and narirutin at concentrations of 2.5 to 100 μM for 24 h. Data shown represent mean±standard deviation of triplicate experiments.](pnfs-21-208f2){#f2-pnfs-21-208}

![Cytoprotective effects of unshiu mikan (A), sweet orange (B), boiled tomato (C), hesperidin (D), rutin (E), and narirutin (F) on *tert*-butyl hydroperoxide (*t*-BHP)-treated HepG2 cells. Cells were pretreated with the indicated concentrations (50 to 200 μg/mL) of juice powders and with hesperidin, rutin, and narirutin at concentrations of 2.5 to 100 μM for 24 h. After that time, cells were treated with *t*-BHP (200 μM) and incubated for 2 h. Control values were obtained in the absence of *t*-BHP and juice powders and flavonoids. Silymarin was used as a positive control. Data are presented as mean±SD of triplicate experiments. Significantly different from the *t*-BHP-treated group at \**P*\<0.05 and the control group at ^\#\#\#^ *P*\<0.001.](pnfs-21-208f3){#f3-pnfs-21-208}

![Effects of unshiu mikan (A), sweet orange (B), boiled tomato (C), hesperidin (D), rutin (E), and narirutin (F) on *tert*-butyl hydroperoxide (*t*-BHP)-induced reactive oxygen species (ROS) generation in HepG2 cells. Cells pretreated with different concentrations (50 to 200 μg/mL) of juice powders and hesperidin, rutin, and narirutin at concentrations of 2.5 to 100 μM or Trolox (10 μM) for 1 h were stimulated with 200 μM *t*-BHP for 30 min. ROS levels were measured by 2′,7′-dichlorodihydrofluorescein diacetate with fluorescent analysis. The control values were obtained in the absence of *t*-BHP (200 μM), juice powders, and flavonoids and after the addition of *t*-BHP (200 μM). Trolox was used as a positive control. Data are expressed as the mean±SD of three independent experiments. Significantly different from the *t*-BHP-treated group at \**P*\<0.05 and the control group at ^\#\#\#^*P*\<0.001.](pnfs-21-208f4){#f4-pnfs-21-208}

![Effects of unshiu mikan (A), sweet orange (B), boiled tomato (C), hesperidin (D), rutin (E), and narirutin (F) on intracellular glutathione (GSH) level in *tert*-butyl hydroperoxide (*t*-BHP)-treated HepG2 cells. Cells were pretreated with the indicated concentrations (50 to 200 μg/mL) of juice powders and with hesperidin, rutin, and narirutin at concentrations of 2.5 to 100 μM for 24 h. Then *t*-BHP (200 μM) was added, and cells were incubated for 2 h. Whole cell proteins were isolated and used for GSH assays. The data shown represent the mean±SD of triplicate experiments. Significantly different from the *t*-BHP-treated group at \**P*\<0.05 and the control group at ^\#\#\#^ *P*\<0.001.](pnfs-21-208f5){#f5-pnfs-21-208}

![Effects of unshiu mikan (A), sweet orange (B), boiled tomato (C), hesperidin (D), rutin (E), and narirutin (F) on heme oxygenase-1 (HO-1) protein expression. Cells were exposed to various concentrations of juice powders and hesperidin, rutin, and narirutin for 24 h, and expression levels of proteins, including HO-1, were analyzed by Western blotting.](pnfs-21-208f6){#f6-pnfs-21-208}
